. The measured oxygen flux was in good agreement with the theoretically estimated one, taking into account the transport properties of the composite, surface exchange losses, gas diffusion and gas conversion in the MgO support. The performance of the membrane was limited by the surface exchange for the operation in N 2 /air, CO 2 /air and H 2 /air at low temperatures and most probably by the porosity of the MgO support for the operation in H 2 /air at 850 °C. The stability tests of the membrane in CO 2 /air and H 2 /air configurations revealed that an initial degradation of the oxygen flux occurs and it is followed by a relatively stable performance. Postmortem analysis of the membrane after 900 h of operation did not reveal any significant microstructural degradation of the membrane layer.
Highlights:
1. The performance of the oxygen permeation membrane was stable in CO 2 and H 2 .
2. The maximal oxygen flux was 15 N ml cm -2 min -1 at 850 °C in the H 2 /air configuration.
3. For most of testing conditions the oxygen flux was limited by surface exchange.
4. The maximal oxygen flux was most probably limited by porosity of the MgO support.
5. The measured oxygen flux was well in agreement with the theoretically predicted one.
Graphical abstract 1 Introduction
Mixed ionic electronic conducting (MIEC) perovskites with the composition A x Sr 1-x Fe y B 1-y O 3- have been intensively investigated for application in high temperature oxygen transport membranes (OTM). OTMs can be employed in reactors for oxygen separation, partial oxidation of hydrocarbons, production of syngas, C-C coupling, etc. [1] [2] [3] .
Among the MIEC perovskites, Ba x Sr 1-x Fe y Co 1-y O 3- (BSCF) has attracted great attention due to its high ionic and electronic conductivity and its fair stability under certain application conditions (high temperature, high oxygen partial pressure). Different modules with planar and tubular membranes of BSCF have been manufactured and tested [3] [4] [5] [6] . The highest oxygen flux of 12.2 ml cm -2 min -1 for 70 m thick planar asymmetric BSCF membranes at 1000 °C for air/Ar was reported by Bauman et al. [6] .
A major limitation of many of the fast transport MIEC perovskites is the thermodynamic instability at low oxygen partial pressures. Cobalt-containing perovskites (like BSCF, La (10 −6 atm) at 800 °C [7] . Much better stability down to a pO 2 of approx. 10 -14 Pa has been shown for the chromium (La x A 1-x Cr y B 1-y O 3- ) [8] and iron (La x Sr 1-x FeO 3- ) based perovskites [9] , but the disadvantage of these materials is a low ionic conductivity, especially at low temperatures, as presented in Table 1 . Therefore, a relatively low oxygen permeation flux of 1.54 N ml cm -2 min -1 at 900 °C for a pO 2 gradient of 2.13 x 10 4 Pa /5 x 10 -11 Pa for a 1.34 mm thick (La 0.6 Sr 0.4 ) 0.99 FeO 3- pellet was reported by Søgaard et al. [10] . [12] Ce 0.9 Gd 0.1 O 2-d 0.03 0.12 [13] Another important requirement for using the OTM in partial oxidation of hydrocarbons or syngas production or in oxyfuel schemes involving a flue gas sweep is the thermodynamic stability in CO 2 . Most barium and strontium containing perovskites form thermodynamically stable carbonates [14] with CO 2 at OTM operating temperatures (700 -900 °C), which can strongly reduce the oxygen surface exchange kinetic and especially for thin membranes significantly reduce the achievable fluxes.
Doped ceria may offer an alternative as it shows high oxide ion conductivity (Table 1 ) and high thermodynamic stability in various gases (e.g. SO 2 , CO 2 ), but it is limited by low electronic conductivity under oxidizing conditions. The p-type electronic conductivity of CGO in air at 900 °C is 6.5 x 10 -4 S cm -1 and the n-type electronic conductivity becomes significant only at highly reducing conditions below a pO 2 of 10 -9 Pa.
Therefore, a relatively low oxygen permeation flux of 7 x 10 -5 ml cm -2 min -1 was measured for a 1.35 mm thick 4 CGO membrane at 950 °C for an Air/Ar configuration [15] . The performance of CGO membranes can be improved by increasing the electronic conductivity of CGO at high oxygen partial pressures using mixed valence dopants [16] . Mixed valence elements like Pr or Tb introduces p-type conductivity to ceria [17] . Donor doping with Nb 2 O 5 or WO 3 enhances n-type conductivity in CGO at intermediate pO 2 (10 -5 -10 4 Pa) [18] .
Additionally, the oxygen permeation flux can be drastically increased by reducing the thickness of the membrane and introducing suitable catalyst layer for the oxygen reduction/oxidation reaction. This was shown for a 30 m thin CGO layer supported on an YSZ/Ni porous support with a Ni-YSZ and LSCF-CGO electro-catalyst layers by Chatzichristodoulou et al. [19] . For this membrane assembly, the oxygen permeation flux reached 16 N ml cm -2 min -1 at 900 °C for an air/steam-H 2 configuration.
Alternatively, composites of a good ionic and a good electronic conductor can simultaneously meet the requirements for chemical stability and good transport properties [20] . The oxygen permeation fluxes of different thin asymmetric dual phase composite membranes reported in the literature are summarized in Table   2 . The CGO-LSF composite reported in this study was selected based on the requirements of thermodynamic stability over a broad pO 2 range and its high performance reported in previous studies. Samson et al. [9] reported an oxygen flux of 0. Table 2 ).
The aim of this work was to study the temperature and pO 2 dependence of the transport properties and oxygen permeation flux of the dual phase Ce 0.9 Gd 0.1 O 1.95 -(La 0.6 Sr 0.4 ) 0.98 FeO 3-d composite membrane as well as its stability over hundreds of hours. The membrane was in the form of a thin membrane layer on top of a thick porous support that provided the necessary mechanical strength. For the support a low coast construction type ceramic, MgO, was used. Furthermore, the oxygen flux through the membrane was theoretically estimated, taking into account the electronic and ionic conductivity of the membrane material, the surface exchange reaction on the feed and the permeate side, the gas concentration polarization, and the gas conversion. These estimates gave a useful insight to the processeslimiting performance under operating conditions.
Experimental

Materials
Fine MgO powder (product 12R-0801, surface area >20 m 2 /g) for the porous, tubular support was supplied by
Inframat Corporation (USA). The MgO powder was calcined at 1000 °C for 10 h to reduce the surface area to The membranes' functional layers were deposited by dip coating onto the MgO supports prepared by thermoplastic extrusion. The dip coating suspensions were prepared by ball-milling the constituents in polystyrene bottles with zirconia balls. All the constituents of the dense CGO/LSF suspension were milled together for 48 h. In the case of porous CGO suspension an initial ball milling for 24 h was done for all the constituents except graphite. After the addition of graphite, the suspension was further milled for 30 min.
Detailed compositions of suspensions used in this study are given in Table 3 .
Three different layers were applied on the MgO structural support: a porous CGO active layer, a dense dual phase membrane layer and a porous CGO active layer on the outer side of membrane. Thermal treatments were applied in between the different coatings, with a final sintering step at 1250 °C for 2h. A more detailed description of the dip coating and co-sintering process can be found elsewhere [28] .
The outer porous CGO active layer was infiltrated with a precursor solution of a catalyst. A methanol solution of Co nitrate (30 mmol/g) and La nitrate (30 mmol/g) with a molar ratio La:Co = 1:1 was prepared. The infiltration was done by applying the precursor solution with a brush and performing a heat treatment at 350 °C for 30 min. The infiltration process was repeated three times to increase the load of the catalyst in the porous layer. The catalyst LaCoO 3-d was chosen due to reported good performance as an oxygen electrode [29] and to avoid alkaline earth metals.
2.4 Microstructural characterization
Polished and fractured cross sections before and after permeation testing of the tubular membrane were analyzed using a Hitachi TM300 and a Zeiss SUPRA scanning electron microscope.
The open porosity and the pore neck size were determined by Hg porosimetry (Poremaster© GT, Quantachrome Instruments, USA).
Electrical conductivity measurements
The powders of CGO (CGO-ul) and LSF were mixed together and ball milled for 24 h in ethanol. The volume fraction of CGO in LSF was varied from 0 vol.% to 95 vol.%. Rectangular bars were formed from the composite powders by uniaxial pressing at 3 MPa and further isostatic pressure of 325 MPa. The bars were sintered at 1300 °C for 2h to a density higher than 95 % of the theoretical density. The sintered bars were polished down to a surface roughness of 1 m and a final geometry of ca. 2 x 2 x 20 mm.
The electrical conductivity was measured using 4-point measurements. A current of 10 mA was applied through the sample and the voltage drop was measured over a well-defined distance in the center of the sample. The Fick's second law of diffusion with a first order surface exchange reaction was fitted to the recorded electrical conductivity relaxation curves. This method is well described in the literature for obtaining the oxygen transport properties, which are the surface exchange coefficient (k ex ) and the chemical diffusion coefficient (D chem ) of oxygen [10, 32] . The method of least square fit that calculates the sum of the squared deviation (SSD) between all fitted and measured data points for a k ex and D chem couple was used to derive the k ex and D chem values from relaxation curve. The lowest sum of the squared deviation (SSD min ) represented the transient and corresponding k ex and D chem couple that agrees best with measured data [32] . The errors of derived values were estimated by fixing one of the coefficients and varying the other one and were in the range of SSD min ± 5% for k ex and SSD min ± 1% for D chem . For the CGO-LSF (bar) at low pO 2 mixed control of k ex and D chem was assumed and the values were derived by Eq. 1 [10, 32] . For the membranes, which are thin, a surface exchange limitation was assumed and the relaxation curves were fitted by Eq. 2, as is reported by Søgaard [33] .
is the conductivity at steady state after a step change in pO 2 ,   t  is the conductivity at the time t during the relaxation and   0 t  is the conductivity before the step change in pO 2 . 2l x and 2l y are the edges of the cross section of the sample. For accurate ECR results the sample dimensions should fulfill the criteria of
, where z is the direction of the electronic current. A two-dimensional solution of the diffusion problem was used because the conductivity was measured over a short distance close to the center of the sample. For the studied composite additional assumptions were taken: i) the phases are randomly distributed and the composite was treated as an effective medium, ii) at high pO 2 the conductivity change after a pO 2 step reflects only a change of oxygen concentration in the LSF, and iii) at high pO 2 surface exchange occurs only on the LSF surface [30] .
The oxygen surface exchange coefficient (k O ), oxygen diffusion coefficient (D O ) and vacancy diffusion coefficient (D V ) were calculated from the experimentally determined quantities, D chem and k ex by Eqs. 3.
 O and  V are the thermodynamic factors of oxygen and vacancies, respectively. The thermodynamic factors were estimated from the pO 2 dependence of the oxygen vacancy concentration (C V ) of the CGO-LSF composite by treating the composite as an effective medium, taking  to be the sum of the oxygen non-stoichiometry of CGO and LSF weighted by their respective molar concentration. Defect thermodynamic data for CGO and LSF were taken from Ref. [34] and Ref. [10] , respectively.
Oxygen permeation flux measurements
Permeation experiments were carried out using a 4-end mode setup with the inner side as the permeate side and the outer side of the tube as the feed side. The rig is schematically illustrated in Figure 1 . Alumina tubes were used to support the tubular membrane and to supply gas to its interior. The tubular membranes were situated in the hot zone of the furnace and the temperature was monitored by placing thermocouples inside the alumina tubes at the inlet and the outlet of the tubular membrane. The temperature deviation between the two temperatures was small (~5 °C) and therefore in the following, the average temperature is reported.
The membranes were sealed on the alumina support using sodium aluminosilicate sealing glass (NAS) [9] . The active membrane area was 9 cm 2 , for a membrane length of 2.3 cm and an outer diameter of 1.25 cm. The OTM was tested in three different configurations: i) N 2 /air, ii) CO 2 /air, and iii) H 2 /air. A constant air flow on the feed side (in the range 30 -120 l/h) and a flow of different gases (N 2 , CO 2 , H 2 humidified at 25 °C) on the permeate side were supplied ( Figure 1 ). H 2 was humidified to have a well-defined pO 2 in inlet gas and to mitigate the extreme reducing conditions. The gas flow was controlled and measured using mass-flow controllers (Brooks). The oxygen permeation was studied in the temperature range between 700 °C and 900 °C, varying the pO 2 gradient by changing the inlet gas flow. The oxygen partial pressure (pO 2 ) of the inlet (pO 2(in) ) and the outlet gas (pO 2(out) ) of the permeate stream was measured using an in-house built YSZ-based sensor.
Stability tests of the membrane were done in pure CO 2 at 850 °C and humidified hydrogen at 700 °C. The oxygen permeation flux (J(O 2 )) for the N 2 /air and the CO 2 /air configuration was calculated by Eq. 4.
Here  out is the outlet flow of gases on the permeate side, A is the surface area of the membrane and p tot is the total pressure, which was 1 atm (1.01325 x 10 5 Pa).
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For the H 2 /air configuration it was assumed that reaction (
) is in equilibrium and can be described with a known equilibrium constant (K eq (T)) [35] . The J(O 2 ) was calculated from the volume flows of the produced water (
) by Eq. 5, as is described in more details by Chatzichristodoulou et al. [19] .
Gas tightness quality was evaluated by comparing the difference between the inlet and the outlet flow rate after high temperature sealing at 980 °C for 1 h. In this study, for an inlet flow of 400 ml/min of N 2 an outlet flow of ca. 408 ml/min was measured at 850 °C. The difference in the inlet and outlet flow corresponded to the flux of oxygen calculated from Eq. 4. Additionally to this, the membrane was slightly pressurized with an inside overpressure corresponding to ca. 200 Pa (2 x 10 -3 atm). The leak rate was small and below the uncertainty of the measured outlet flow. Therefore, a leak-less membrane could safely be assumed in the following and the data were not corrected for any leakage. 
Modeling the oxygen flux
For the H 2 /air configuration the oxygen permeation flux was calculated using a two-dimensional numerical model reported in Ref. [36] that accounts for ambipolar diffusion through the dense membrane, surface exchange at the catalyst layers at the feed and permeate side of the membrane, fuel conversion along the gas flow in the interior of the tubular membrane, and mass transport through the porous MgO support. 
where R, T and F are the gas constant, the temperature and the Faraday constant, respectively. L is the thickness of the membrane. The effective ionic conductivity ( ion ) was estimated from the BruggemanLandauer model [37] for CGO:LSF = 70:30 vol. %. The ionic conductivity of LSF was assumed to be negligible.
Literature values from Wang et al. [13] were used for the ionic conductivity of CGO. The electronic conductivity ( el ) was deduced from the measured electrical conductivity of the composite upon subtraction of the effective ionic conductivity of CGO.
The model also takes into account the driving force losses at the catalysts at the feed and permeate side of the membrane, related to the gaseous oxygen reduction and fuel oxidation, respectively, as well as the H 2 conversion and the gas diffusion resistances in the porous support structure at the permeate side. Linear Chang-Jaffe [38] electrode kinetics are employed and the electrode activation polarization resistances (R surf ) are assumed to be independent of the gas composition. Mass transport through the porous support structure is described using the dusty gas model with viscous flow. The support thickness was set to 1 mm, having 39 % porosity, 0.47 µm pore size, and tortuosity of 1.5. The thickness of the dense CGO-LSF composite membrane was 10 µm. outer porous CGO catalytic layers after testing e) the infiltrated LCO catalyst after membrane operation for more than 900 h. ). Figure   3a also shows a calculated electrical conductivity for different coordination numbers (Z) of CGO and LSF grains using effective medium percolation theory reported in Ref. [37] , where two assumptions for the MIEC phases ) the exponent n is close to -¼ and indicates a dominating ntype conductivity. The electrical conductivity of the CGO-LSF composite at low a(O 2 ) originates mostly from the CGO phase (due to reduction of Ce 4+ to Ce 3+ ) and it is slightly reduced for the composite compared to pure CGO, as shown by Cheng et al. [21] . At intermediate a(O 2 ) (between 10 -9 -10 -10 at 900 °C) the electrical conductivity passes through a minimum, as expected from the properties of the two materials.
Electrical conductivity
The p-type conductivity shows a different temperature dependence than the n-type. The p-type conductivity decreased with increasing temperature in the range 700 °C -900 °C. The same was reported for pure LSF [10] and CGO-LSF [30] composites, where the conductivity increased until ca. 500 °C, went through a broad maximum at temperatures between 500 °C and 600 °C and then decreased with increased temperature above 600 °C. At low a(O 2 ) the electrical conductivity of the composite increased with increasing temperature with an activation energy of 82 kJ/mol at pO 2 of 1.01325 x 10 -13 Pa (a(O 2 ) = 10
) (Figure 3b ).
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To illustrate how the electronic conductivity dominates in the composite, the effective ionic conductivities at 750 °C and 900 °C of the composite are shown in Figure 3b for two cases: i) only CGO in the composite (CGO 70 vol.%) and ii) CGO and LSF in the composite (CGO:LSF = 70:30 vol%). The effective ionic conductivities were calculated from ionic conductivity of LSF [10] and CGO [13] , weighted by their respective volume fraction. The ionic conductivity of both only CGO and the composite is 2-3 times lower than the minimum total electrical conductivity of the composite. This demonstrates that the oxygen transport through the membrane will be limited by the ionic conductivity contribution and possibly surface reactions, but not by electronic conductivity.
Additionally, the small difference between the estimated effective ionic conductivities of the composite with only CGO and with CGO-LSF shows that the ionic conductivity of the membrane is dominated by the contribution from the CGO, especially at lower temperatures. with the fast reaction at the triple phase boundary (TPB). The infiltration of the LCO electron conductor into such a structure increases the TPB length and effectively accelerates the oxygen reduction reaction [42] [43] [44] . and LSF at the operating temperature of the membrane and/or a CO 2 adsorption effect. It is expected that SrCO 3 formed on the surface of LSF will have no catalytic activity and will impede the surface exchange reaction. Evidence of formation of carbonates on the surface of the CGO-LSF composite membrane was reported by Cheng et al. [21] . Formation and decomposition of SrCO 3 is temperature dependent. At temperatures higher than 810 °C SrCO 3 starts to decompose and reaches the maximal rate of decomposition at 960 °C [14] . Therefore, it is anticipated that with increasing the operation temperature, the membrane's performance in CO 2 will gradually become comparable with the performance in N 2 . This is indeed what is observed; the deviation in flux between the two configurations was decreased with increasing temperature.
Oxide ion diffusion
The difference in performance could also be due to preferential adsorption of CO 2 on the surface, which slows down the oxygen surface exchange reaction, as reported by Serra et al. [45] .
A strong influence of the gas composition on the membrane performance at a constant pO 2 gradient points out that the membrane performance is mostly limited by the surface exchange reaction. Furthermore, a modification of the inner CGO porous layer can improve the surface exchange reaction by preventing formation of carbonates or even further by improving the intrinsic catalytic properties. Figure 7 shows the performance of the 2.3 cm long tubular asymmetric CGO-LSF membrane in the H 2 /air configuration, with air as a feed gas and H 2 as a reactive gas (this gas is taken as a model gas for the more technologically relevant case of a syngas mixture). A non-linear response of J(O 2 ) on the outlet loga(O 2(out) ) especially at high temperature was observed (Figure 7a ). At high temperature, the H 2 conversion rate to H 2 O was large and did not depend on the H 2 flow rate, as shown in Figure 7b . The highest conversion rate of around 70 % was measured at 850 °C. A consequence of the high conversion rate is that the pO 2 gradient is significantly reduced along the membrane and the outlet pO 2 (a(O 2(out) )) does not represent a local pO 2 inside the membrane. The deviation in the local pO 2 along the membrane is strongly increased with the increased [36] for two different temperatures of 750 °C and 900 °C, as is described in the section 2.8. R surf was assumed to be the same on both sides of the membrane.
Due to the fact that the ambipolar conductivity of the CGO-LSF membrane is rather insensitive on pO 2 , it is the sum of the two R surf that will determine the overall performance rather than its distribution between the two catalyst layers. Therefore, although unsubstantiated (but necessary in the absence of experimental values for each R surf ) this assumption is not expected to have a substantial influence on the outcome of the calculations.
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The calculated oxygen permeation flux increases strongly with increasing performance of the catalyst . A slightly lower maximal flux of 16.8 N ml cm -2 min -1 was calculated for a temperature of 900 °C, due to the increased viscosity of gases.
The reader is reminded here that the ionic conductivity of LSF was assumed to be negligible in the calculations.
The contribution of LSF to the total ionic conductivity would be approx. 8% at 750 °C and 29% at 900 °C. This is considered to be of a similar magnitude as other uncertainties that influence the effective ionic conductivity of the membrane, such as the variation in literature values for the ionic conductivity of CGO and LSF, possible inter-diffusion of cations between CGO and LSF, and micro-strain in the composite CGO-LSF membrane.
Nevertheless, the accuracy of the effective ionic conductivity will only have a minor impact on the flux calculations, since the loss in driving force associated with ambipolar diffusion through the membrane is only a minor contribution to the overall losses, contributing with less than approx. 10% at 750 °C and 5% at 900 °C (see X trans in Figure 9a ). It should be stressed though that due to the lack of accurate experimental values for R surf of each catalyst layer and of the effective ionic conductivity through the CGO-LSF membrane, the aim of the calculations is not to have a direct comparison with the experimental results, but rather to offer a semiquantitative estimate of the expected O 2 flux, and more importantly to offer useful insight regarding the main processes that limit the overall performance.
In Figure 9a a breakdown of the driving force losses (X) to contributions of different processes is shown. The calculations predict that for the here studied tubular CGO-LSF asymmetrical membrane the major losses are due to the surface exchange losses (X ex ) and losses due to concentration polarization in the MgO support (X conc ). The contributions originating from the bulk transport losses (X trans ) and the conversion losses on the H 2 side (X conv ) have much smaller influence on the oxygen permeation flux. For the R surf down to 4.5 x 10 -6 m 2 the calculations predict that the largest contribution to the driving force losses will come from the surface exchange losses (X ex ) and below this value the concentration polarization in the MgO support (X conc ) will start to dominate the oxygen permeation.
The surface exchange process is highly temperature dependent; a large decrease of R surf with increased 26 which increases the catalytic activity and the surface area where the oxygen reduction and oxidation occur.
Thus, the surface exchange rate is increased. This was indeed observed by the high pO 2 ECR, where the infiltration of LCO into the CGO porous layer of the membrane increased the k ex , by several times compared to k ex for the membrane with the bare CGO porous layer or the bulk CGO-LSF (bar) (see Figure 5a ), albeit this effect can only account for part of the improvement. Unfortunately, the relaxation data on the membrane piece with catalyst cannot be compared with the flux measurements on the membrane as the former can only be done up to 700 °C. At the low pO 2 no significant benefit of CGO porous layer compared to the dense CGO-LSF (bar) was observed by ECR. Another contribution to the deviation between the R surf values (obtained from the ECR and the oxygen permeation flux measurements/modeling) can be ascribed to the different atmospheres used: the mixture of CO/CO 2 in the low pO 2 ECR and the humidified H 2 in the oxygen permeation.
The performance of the membrane can be influenced by catalysts, temperature, pO 2 gradient, etc. The introduction of a better catalyst and/or larger surface area in the CGO porous layer will increase the membrane performance significantly below 850 °C. However, for the here investigated membrane the predicted limiting factor at the highest oxygen flux in H 2 /air configuration (at 850 °C) is in fact the microstructure of the MgO support and the associated gas diffusion resistance through it. The measured oxygen flux of 15 N ml cm -2 min -1 is most probably very close to the maximal one that can be achieved with this support structure of the membrane, as deduced from the modelling.
Conclusion
Oxygen , respectively.
A model that takes into account the temperature and the pO 2 dependence of the bulk properties of the CGO-LSF composite, the activation polarization resistances (R surf ), the gas diffusion and the gas conversion was constructed and used to simulate the membrane performance. A comparison between theoretical and 27 experimental results was carried out for the H 2 /air tests. Since the oxygen transport at lower temperatures was surface exchange limited, special focus was put on simulating the flux dependence of R surf . As expected the results revealed that with decreasing R surf , the oxygen flux can be largely increased. The R surf can be reduced by increasing the operation temperature as R surf is strongly temperature dependent, and/or by addition of a catalyst. For the membrane reported here the highest contribution to the R surf most probably originates from low catalytic activity of the surface of the inner porous CGO layer, which should be improved in further studies in case of using the membranes at lower temperatures. However, the correlation between the measured and calculated flux revealed that for the highest investigated operation temperature 850 °C the oxygen flux almost reached the maximal theoretically predicted, diffusion through the MgO layer limited, flux of 17 N ml cm -2 min -
1
. For further increasing the flux, the microstructure of the MgO porous support must be modified for higher gas permeability.
The stability tests of the membrane in CO 2 /air and H 2 /air configurations showed that after an initial degradation (up to 200 h) the performance of the membrane stabilized. The postmortem analysis of the tested membrane after 900 h of testing did not reveal any significant microstructural degradation in the membrane layer, but the adhesion of the membrane layer was significantly deteriorated during cooling below 500 °C.
The fair stability of the membrane as well as decent oxygen flux values show that this material system is promising for multipurpose membranes. This work lays out a clear direction for further improvements of the CGO-LSF membranes, which are an increase of the gas permeation in the support and the improvement of the catalytic activity on the inner membrane surface.
